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PREFACE

The “Second Workshop on New Concepts for Far-Infrared and Submillimeter Space
Astronomy" aimed to highlight the groundbreaking opportunities available for astro-
nomical investigations in the far-infrared to submillimeter using advanced, space-based
telescopes. Held at the University of Maryland on March 7-8, 2002, the Workshop was
attended by 130 participants from 50 institutions, and represented scientists and engi-
neers from many countries and with a wide variety of experience. The technical con-
tent featured 17 invited talks and 44 contributed posters, complemented by two six-
person panels to address questions of astronomy and technology. A summary of the
Workshop can be found in “Proceedings of Far-IR, Sub-MM & MM Detector Technology
Workshop”, (3. Wolf, J. Farhoomand & C.R. McCreight, eds.), NASA/CP-211408, 2003,
under the title "New Concepts for Far-Infrared and Submillimeter Space Astronomy”
(paper #i-02, by D.J. Benford).

The National Research Council’s Decade Report, "Astronomy and Astrophysics in the
New Millennium,” assigned a high priority to a Single Aperture Far-Infrared (SAFIR)
observatory and encouraged the subsequent development of space-based far-infrared
interferometry. With community guidance from the Origins and Structure and Evolution
of the Universe Subcommittees of the Space Science Advisory Committee, NASA
recently incorporated SAFIR and a kilometer maximum baseline far-IR interferometer
into the Space Science roadmap. The interferometer is widely known as SPECS, the
Submillimeter Probe of the Evolution of Cosmic Structure.

An important outcome of this workshop was the development of a "Community Plan
for Far-IR/Submillimeter Space Astronomy," which appears on pages xv - xxvi of these
proceedings. The name "Community Plan" was adopted because this paper gives the
consensus view of the workshop participants. The Community Plan addresses practical
considerations, such as the tradeoffs associated with alternative mission designs and
the flowdown from scientific objectives to measurement requirements, engineering
requirements, and technology needs. It recommends an implementation strategy for
technology development and validation, and recommends specific science and technol-
ogy pathfinder missions that would pave the way for the "roadmap missions" SAFIR
and SPECS. The community plan concludes by saying:

The time is right to place SAFIR on the NASA plan as one of the succes-
sors of SIRTF and JWST, to set our sights on a longbaseline far-
infrared/submillimeter interferometric imaging telescope, to further devel-
op far-infrared/submillimeter single-aperture and interferometric mission
concepts, and to invest strategically in the technology that will enable
future far-infrared/submillimeter missions. Supporting studies and smaller
mission opportunities should be actively pursued.
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The practical support of the University of Maryland Inn and Conference Center and of
Westover Consultants — particularly Kortney Stevens — was indispensable. Funding to
support the Workshop was provided by Juan Roman of NASA/GSFC and Eric Smith of
NASA/HQ; the funds to produce the published proceedings were supplied by Juan
Roman. The cover art and design theme were developed by Trudi Benford, and the
cover for the White Paper was produced by Jay Friedlander. Julie Noonan and Justus
Brevik proofread these proceedings, catching many typographical errors. Publication
support for these proceedings was led by Molly McDonough.

Writing this preface, now a year after the Workshop was held, it is gratifying to see
the impact that this community has had on far-infrared science at NASA and else-
where. Mission concepts for SAFIR and interferometry have been developed (see, e.g.
the paper on SAFIR by Amato et al. in the proceedings of SPIE #4850). A SAFIR
Science Working Group has been established, and has productively advanced the
SAFIR cause. Technologies suitable for large, cryogenic, far-infrared telescopes are
being supported by NASA's Office of Aerospace Technology and are under considera-
tion for flight validation as part of the New Millennium Program mission ST-9. In
Europe, a similar workshop is planned for September 2003. It is evident that there is
global momentum towards the ultimate goal to provide unprecedented advances in
scientific capability at far-infrared and submillimeter wavelengths in the post-SIRTF,
SOFIA, and Herschel era. We feel that this momentum is reflected in the papers that
appear in these proceedings, and close by expressing our deep appreciation to the
authors.

Dominic Benford & Dave Leisawitz
March 5, 2003
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THE "COMMUNITY PLAN FOR FAR-INFRARED/SUBMILLIMETER SPACE
ASTRONOMY'" DERIVES FROM THE PRESENTATIONS IN THESE PROCEEDINGS AND
SUBSEQUENT DISCUSSIONS. IT REPRESENTS THE CONSENSUS VIEW OF THE PAR-
TICIPANTS IN THE "SECOND WORKSHOP ON NEW CONCEPTS FOR FAR-INFRARED
AND SUBMILLIMETER SPACE ASTRONOMY," EXCEPT FOR THE PARTICIPANTS FROM
NASA HEADQUARTERS WHO RECUSED THEMSELVES.

THE "COMMUNITY PLAN'" SHOULD BE CITED AS FOLLOWS:

COMMUNITY PLAN FOR FAR-INFRARED/SUBMILLIMETER SPACE ASTRONOMY, IN
"NEW CONCEPTS FOR FAR-INFRARED AND SUBMILLIMETER SPACE ASTRONOMY,"
D.J. BENFORD & D.T. LEIsAWITZ, EDS. (WASHINGTON, DC: NASA),
NASA/CP—2003-212233, PP. XV - XXVI (2003).
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Community Plan for Far-Infrared/Submillimeter Space Astronomy

We recommend that NASA pursue the vision for far-IR astronomy outlined in the
NAS Decadal Survey, which said: “A rational coordinated program for space optical and
infrared astronomy would build on the experience gained with NGST' to construct [a
JWST-scale filled-aperture far-IR telescope] SAFIR, and then ultimately, in the decade
2010 to 2020, build on the SAFIR, TPF, and SIM experience to assemble a space-based,
far-infrared interferometer.” SAFIR will study star formation in the young universe, the
buildup of elements heavier than hydrogen over cosmic history, the process of galaxy
formation, and the early phases of star formation, which occur behind a veil of dust that
precludes detection at mid IR and shorter wavelengths. The far-infrared interferometer
will resolve distant galaxies to study protogalaxy interactions and mergers and the
processes that led to enhanced star formation activity and the formation of Active
Galactic Nuclei, and will resolve protostars and debris disks in our Galaxy to study how
stars and planetary systems form.

The following unified plan addresses practical issues and makes recommendations
that would lead to the fulfillment of the Decadal Report’s vision. This plan gives the
consensus view of the participants in the “Second Workshop on New Concepts for
Far-Infrared/Submillimeter Space Astronomy,” which was co-sponsored by NASA
Headquarters and the Goddard Space Flight Center and held at the University of
Maryland on 7 — 8 March, 2002. The workshop participants were representatives of the
community of scientists and technologists who would implement the plan.

We make these recommendations to NASA because information vital to the
attainment of major SEU and Origins scientific objectives is uniquely available in
the far-IR and submillimeter (FIR/SMM), a spectral range that spans the gap between
the longest wavelength accessible to the JWST (formerly NGST), ~25 um, and the
shortest wavelength continuously accessible to ALMA through the atmosphere, ~800
um. For example, to “understand the structure of the universe, from its earliest
beginnings to its ultimate fate,” we will need measurements of the emissions from
protogalactic objects and galaxies most intimately related to the star formation process,
namely emissions that reveal the physical conditions (elemental abundances,
temperatures, densities) in the interstellar medium; we will need extinction-free views of
the universe complementary to those provided by telescopes that operate at shorter
wavelengths; and we will need telescopes that can measure the emissions from the
pristine hydrogen clouds that collapsed to form the very first generation of stars. To
“explore the ultimate limits of gravity and energy in the universe” we will need to peer
into the dust-enshrouded nuclei of galaxies to see how matter behaves in the presence of
a supermassive black hole. To “learn how stars and planets form” we will need to observe
these objects where they emit most of their light — in the infrared — with telescopes that
provide high enough spectral resolution to constrain theoretical models, and sufficient
acuity to resolve extrasolar planetary systems. Some of the objects we wish to study — the
youngest stars and galaxies — are not even visible at optical and near-IR wavelengths.

' See Appendix A for acronym definitions.
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The value of infrared spectroscopy is evident in the information-rich data from NASA’s
Submillimeter Wave Astronomy Satellite (SWAS) and ESA’s Infrared Space
Observatory (ISO). Spectroscopic data give us information on chemical species,
velocities, and the interaction of these in the chemodynamics that is virtually certain to
play a dominant role in the next stage of astrophysical thought. High spectral resolution
will therefore be an essential capability for future FIR/SMM missions.

The FIR/SMM is the least-explored spectral region in astronomy, even though COBE
told us that half the luminosity of the universe, and 98% of the photons (aside from the
cosmic microwave background), appear in the far-IR. Far-IR astronomy has been
hampered by angular resolution worse than that of Galileo’s first telescope, and by
sensitivity limited by small apertures and early generations of detectors. Even SIRTF is
still modest in size, only a little larger than the IRAS flown in 1982. The Herschel
telescope at 70 K and the SOFIA telescope at 250 K will be about 4x and 3x larger,
respectively, but are both relatively warm for this wavelength regime, and thus have
limited sensitivity. The scientific yield of the upcoming missions SIRTF, SOFIA, and
Herschel will whet our appetites for more sensitive FIR/SMM telescopes that can be used
to detect the faint emissions from young, and therefore distant, galaxies. A further gain in
sensitivity by several orders of magnitude is necessary to see these sources, and is
attainable with a large aperture space observatory whose sensitivity is limited only by the
insurmountable photon noise from astrophysical background radiation. New technology
and mission concepts now enable a major breakthrough in this area, with the confident
expectation of new discoveries.

First Step: SAFIR

The first step is to develop the technology and start the planning for a cooled JWST-
class far-IR observatory called SAFIR (Single Aperture Far-IR telescope), to be
operated like HST for a wide user community with a launch by the middle of the
JWST lifetime in 2015. The scientific motivation and concepts for SAFIR are presented
in the white paper Charting the Winds that Change the Universe (Appendix B). SAFIR
should be background limited over a wavelength range from about 15 to 600 um to
overlap slightly with JWST and ground-based capabilities, and could be diffraction
limited at around 40 pum. With a 10 m aperture (a little larger than JWST’s) it would have
150 times the collecting area and an order of magnitude greater angular resolution at a
given wavelength than SIRTF. Figure 1 shows the relevance of this improvement in
angular resolution to the measurements needed to achieve Origins and SEU science
objectives, and the striking gap in resolving power in the FIR/SMM that will be left in the
wake of the next generation of telescopes. SAFIR will provide our first deep view of the
sky at far-IR wavelengths that does not suffer the ill effects of extragalactic source
confusion (multiple galaxies per resolution element), enabling detailed studies of the
individual sources that give rise to the cosmic IR background.

SAFIR instruments would provide imaging and spectroscopic capabilities with maximum
spectral resolution A/AA ~ 10°. To achieve the goal of natural background-limited
performance, the SAFIR mirror will have to be cooled to about 4 K, and new generations
of detectors, operating at about 0.05 K, will have to have NEP <10™ W Hz"*. With such
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extraordinary sensitivity SAFIR could readily detect spectral line emission and spectral
features from gas and dust in galaxies at redshift z ~ 4 — 5, as illustrated in Figure 2, and
probe the gas dynamics and chemistry in forming planetary systems. Figure 2 further
shows the importance of improving sensitivity by 4 - 5 orders of magnitude beyond the
capabilities of SIRTF, SOFIA, and Herschel. Japan’s SPICA mission, which is planned to
have a 4 K, 3.5 m diameter primary mirror, will take a huge step in this direction. SAFIR,
with its larger mirror, will bring the most distant galaxies into range.

Iimage Resolution
100

10 L High-z galaxy

AR /[ Hll region in Virgo
P galaxy

- A g .
Protoplanetary disk
59\?5‘ at 140 pc
01§ ——— 1 AU dust blob in
Vega debris disk
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Figure 1. Vast improvements in angular resolution beyond those provided by the next-generation
FIR/SMM missions will be needed to beat extragalactic source confusion, resolve the individual
sources of interest, and achieve the science goals of NASA’s Origins and SEU themes. Such
improvements are also needed to align the FIR/SMM (shaded region) measurement capability
with that available in the surrounding spectral regions, where JWST and ALMA will make
complementary observations. ALMA provides complete spectral coverage at wavelengths longer
than ~800 wm and observing capability into the submillimeter through atmospheric windows.
With a 10 m aperture diameter SAFIR will take the first big step; interferometers like SPIRIT
(assumed maximum baseline b,;,x = 40 m) and SPECS (b,,x = 1 km) will be needed to provide the
full resolution gain desired. SAFIR, SPIRIT, and SPECS are recommended in this plan.
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Sensitivity to Line Emission Spectral Lines
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Figure 2. A spectrometer on SAFIR (with assumed A/AA = 10°) would be 4 to 5 orders of
magnitude more sensitive than the corresponding instruments on SIRTF, SOFIA, and Herschel,
and 1 to 2 orders of magnitude more sensitive than SPICA, enabling unprecedented studies of the
star formation process and astrophysical conditions in distant, young galaxies. Estimated
strengths of five important diagnostic and interstellar gas cooling lines are shown for a
hypothetical “Milky Way” galaxy at redshifts of 0.1, 1, 2, 3, 4, and 5 (symbols along each curve,
with redshift increasing from the upper left to the lower right). The rest wavelengths of the
spectral lines are given in the inset. SAFIR could, for example, measure the [Ne II] and [Ne III]
lines in “normal” galaxies out to z = 5 in modest exposure times. The relative intensity of these
lines can be used to discriminate between AGN-dominated and star formation-dominated
emission. Many galaxies are much more luminous than the Milky Way, making them even easier
to see. At A > 200 wm, SAFIR would reach the confusion noise “floor” in about 100 seconds’;
longer exposure times would not help. However, because of their greater resolving power and still
substantial total aperture areas, the interferometers SPIRIT and SPECS will break the confusion
barrier and probe the universe to comparable depth (redshift z ~ 5) in the spectral lines that
dominate the cooling of interstellar gas and allow the gas clouds to collapse and produce stars.

SAFIR will require investment in several technology areas. High-sensitivity far-IR
detector technology, which is very promising but far from flight readiness, is one of the
top priority items for SAFIR preparations. A total investment of the order of $50 M
spread out over 10 years could produce large superconducting detector arrays with
sensitivity one or two orders of magnitude beyond those now available, satisfying the
performance goal. Even this budget is small compared with the investments made in

* We assume that the emission found in a single diffraction-limited beam cannot be reliably apportioned
between multiple component sources. Therefore, we show the continuum confusion limit in a single A/1000
spectral channel. The sensitivity would be less severely compromised by confusion if the redshift of each
component were known from independent observations.
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detectors at other wavelengths, but NASA is the only effective funding source in this
area. Depending on the results and scientific opportunities developed from the Herschel
mission, SAFIR might require coherent receivers that approach quantum-limited
performance, as well as direct detectors.

Sensitivity in the FIR/SMM depends strongly on the temperature of the telescope, and it
is imperative that improvements in detector technology be matched by efforts to cool
large mirrors to very low temperatures. Because the optical tolerances on the SAFIR
mirror are greatly relaxed relative to the JWST requirements, the possible use of
precision machined, replicated mirror segments should be explored. Replication has the
potential to speed fabrication and reduce cost. Based on JWST experience, we conclude
that such a mirror study would cost $25M over three years, and the mirror technology
could reach maturity (TRL 6) in a total of six years. The Advanced Cryocooler
Technology Demonstration will provide a small TRL 5 cooler in 2005, but a much more
powerful cooler will be needed to cool the SAFIR mirror. A development program for
new cryocooler systems would cost about $30 M. Other projects, like JWST and TPF,
and other government agencies (DoD and NRO) are already providing technology
development funds for advanced coolers and deployable mirrors.

Whereas a JWST-like configuration flying at 3 — 4 AU from the Sun was shown in the
Decadal Survey report, better thermal and sunshield engineering will permit SAFIR to
operate at the JWST L, orbit and provide a larger aperture with the same launch vehicle.
Other configurations should also be explored (Fig. 3).

Figure 3. Further study of SAFIR mission designs will be needed before a single approach that
accomplishes the highest priority science goals with ready technology, subject to programmatic
considerations, can be selected. Three possible concepts are shown here: (left) based on JWST for
maximum heritage and fidelity; (middle) based on stretched membrane mirrors to reduce aereal
mass; and (right) based on a sparse aperture telescope to improve angular resolution.

Depending on the progress made with other planned instruments, a FIR/SMM all-
sky survey mission with a 2 m class cryogenic telescope might be a scientifically
compelling precursor to SAFIR. At other wavelengths, survey missions have greatly
enhanced the science return of successive observatories. In the far-IR, the last sky survey,
IRAS, was so insensitive that SAFIR will be blinded by every IRAS source. Given the
immense discovery potential in this relatively unexplored spectral region, it is reasonable
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to think that a deep FIR/SMM survey will be needed, and to plan accordingly. It is
presently believed that there are many submillimeter-luminous galaxies at very high
redshifts that do not have noteworthy optical counterparts, but which make up a
substantial fraction of the total luminosity of the post-recombination universe. If these
sources are not identified by SIRTF, Astro-F, NGSS, SOFIA, Herschel, or SPICA -
because of their limited sensitivity, shorter wavelength range, or smaller survey area -
then a FIR/SMM survey should be undertaken, and we believe that such a mission would
be a strong competitor in the Discovery class. A sensitive FIR/SMM sky survey would
answer important questions about the evolution of galaxies and would find the rare but
important objects that act as signposts to the early universe, providing a rich database to
build on with SAFIR and other missions.

Second Step: SPECS

The imaging sensitivity of SAFIR will be limited by the overlap of distant galaxy images
at wavelengths greater than about 100 um because its angular resolution will be ~ 3
arcsec, comparable to that of binoculars and to the spacing of galaxies seen in the Hubble
Deep Field. A very large increase in angular resolution would be possible with an
interferometer (Fig. 1). The scientific motivation and concepts for two FIR/SMM
interferometry missions are presented in the white paper Probing the Invisible Universe
(Appendix C). A commendable long-range goal is to achieve HST-class resolution in
the FIR/SMM, which would require an imaging interferometer with a 1 km
maximum baseline. Although this is not currently technically feasible, it is less
challenging than X-ray or optical interferometry in space because the FIR/SMM
wavelengths are much longer, and is comparable in overall difficulty to the other
interferometry missions deemed meritorious by the astronomical community and
included in the NASA Roadmap. We outline below the technical steps that will be
required to build the km-baseline interferometer we call the Submillimeter Probe of the
Evolution of Cosmic Structure (SPECS).

A FIR/SMM interferometer with superconducting detectors, cold mirrors, and a total
light collecting aperture in the tens of m* would provide ample sensitivity. To derive the
sensitivity curve shown for SPECS in Figure 2, the interferometer was assumed to
combine the light collected with three 4 m diameter mirrors. SPECS is a natural
successor to SAFIR, as it would employ the same detector, mirror, and cooler
technologies, although the interferometer mirrors would be smaller than the SAFIR
mirror and could be monolithic.

Three additional technologies or techniques will be needed to enable long-baseline
imaging interferometry: a long-stroke cryogenic delay line; highly-reconfigurable
formation flying; and the technique of wide-field imaging interferometry. Initial funding
for these technologies was awarded through competitive programs during the past several
years, and continued support for these mission-enabling technologies is needed. High-risk
technologies, such as tethered formation flying, should be demonstrated in space with
inexpensive nanosats.
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Following a recommendation made by the attendees of the first community workshop in
this series, “Submillimeter Space Astronomy in the Next Millennium,” which took place
in February 1999, concepts were developed for a FIR/SMM interferometer on a boom.
We call this the Space Infrared Interferometric Telescope (SPIRIT). Figures 1 and 2 show
that such a telescope would have very powerful measurement capabilities. A suitable goal
for SPIRIT would be a system with a 40 m span, which provides the same angular
resolution as a filled aperture telescope nearly twice this diameter and matches the
JWST’s resolution, but at a wavelength 10 times longer (see Fig. 1). Such a structure is
within reach of the expected technology base 5 to 10 years from now, as much larger
booms are already in use in space. Good metrology and active control are required, but
diffraction limited performance at 40 um is quite easy to achieve relative to the
performance required for an optical interferometer, and SIM is paving this path. The
apertures should be as large and as cold as can be afforded, but for this step it is clear that
angular resolution is more important than sensitivity. To estimate the sensitivity shown in
Figure 2 we assume that SPIRIT has two 3 m diameter light collecting mirrors, and the
mirror temperature is 4 K. If the cost of SPIRIT is much less than that of a “roadmap
mission” like SPECS, as preliminary studies indicate, then SPIRIT should precede
SPECS. We recommend that FIR/SMM interferometry mission concept studies be
continued.

As illustrated in Figure 4, the new technology requirements for FIR/SMM interferometry
largely overlap the requirements for SAFIR.

Technology Requirements

SAFIR Interferometry

- Long-stroke cryogenic
- Large format detector arrays with fast, . delayline
low-power readout and ultra-high sensitivity - Wide-field imaging
- Deployable multi-layer Sun shields interferometry

- Lightweight mirrors with surface accuracy ~1 um /= EOW=VIbration deployable
structures

Deployable mirror with
active surface control

- Advanced active/passive cooling systems
/" -Highly reconfigurable

formation flying

Figure 4. Investments in SAFIR technology will go a long way toward enabling FIR/SMM
interferometry, and some of the interferometry technologies will be needed for LISA, SIM, and
possibly TPF. New detectors and large mirror cooling technologies are particularly critical for
FIR/SMM space astronomy, but a coordinated technology program would invest early in all the
long lead time technologies shown here.
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Supporting Research, Technology, and Missions

Several years will pass before it becomes necessary to choose design details for SAFIR
and SPECS, and some decisions, such as the option to fly a far-IR sky survey mission,
and the relative timing of the SPIRIT and SAFIR missions, will depend on future
scientific progress, on experience with JWST, ALMA, and ground-based optical
interferometers, on the available technology, and on budgetary constraints. However, a
relatively modest investment is needed to prepare. We recommend a coordinated
technology program that provides support for the development of:
1. 10" pixel arrays of direct detectors with NEP ~ 10* W Hz ",
2. advanced, high-efficiency cryocoolers capable of providing ~100 mW of cooling
power at 4 K for mirror cooling, and capable of cooling the detectors to ~50 mK,
3. low-cost, low areal density (<15 kg/m”) mirror technology for the FIR/SMM in a
mirror development program that includes
a) demonstration of fabrication techniques,
b) demonstration of cooling strategies,
¢) demonstration of wavefront sensing and control, and
d) development of test procedures,
4. interferometry testbeds that can be used to develop procedures, algorithms, and
control systems,
5. broadband tunable coherent THz array receivers that approach quantum-limited
performance,
6. long-stroke cryogenic delay lines and compact spectrometer technology for
broadband FIR/SMM spectroscopy and wide-field imaging using direct detectors,
low-vibration deployable structures, and
highly-reconfigurable formation flying to enable interferometric (u, v) plane filling,
and therefore high contrast imaging.

o~

Successful development of the technologies listed above would serve many NASA
purposes. All of the FIR/SMM missions demand new detector development, and there is
a strong overlap of technology with some types of X-ray and UV detectors. For example,
Con-X needs superconducting detectors and cryo-coolers. LISA, like SPECS, requires
formation flying. Some of the interferometry technologies are shared with other planned
NASA missions, such as SIM and the interferometer version of TPF, although SIM and
TPF require much better precision to work at shorter wavelengths and make astrometric
measurements or null out starlight.

We recommend that NASA support initial concept studies for SAFIR, SPIRIT,
SPECS, and a sensitive FIR/SMM all-sky survey mission. SPIRIT and the sky survey
mission would cost less than SAFIR or SPECS, but more than the current MIDEX cap,
and would therefore require either $400M-class Space Science mission opportunities or
collaboration with partners to bring down the NASA cost. NASA has been asked to
collaborate on the planned Japanese SPICA mission, which would provide a 3.5 m class
cold far-IR telescope at the Lagrange point L,. NASA would benefit from the opportunity
to deploy new generations of far-IR detectors and instruments in space. New detector
technology can be tested and used first on SOFIA, but SPICA may be the nearest term
opportunity to use next-generation far-IR detectors in space.
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Finally, we recommend that NASA be receptive to proposals for laboratory and
theoretical astrophysics related to far-IR studies. Relatively little is known about the
chemical reactions that form large interstellar molecules or dust, or their role in the
physical processes that govern star and planet formation. As new species and phenomena
are recognized from observations, it will be very important to interpret them accurately.

It is also clear that simulations are critically important in establishing the right observing
strategies and instrument requirements.

European and Japanese astronomers are eager to collaborate with their US
colleagues on SAFIR and FIR/SMM interferometry. The European community will
desire opportunities to follow up the Herschel mission, and the Japanese community to
follow up the SPICA mission.

Conclusion

Information needed to answer some of the most compelling astrophysical questions is
uniquely available in the FIR/SMM spectral region. The time is right to place SAFIR on
the NASA plan as one of the successors of SIRTF and JWST, to set our sights on a long-
baseline FIR/SMM interferometric imaging telescope, to further develop FIR/SMM
single-aperture and interferometric mission concepts, and to invest strategically in the
technology that will enable future FIR/SMM missions. Supporting studies and smaller
mission opportunities should be actively pursued.
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Appendix A. Acronyms

AGN - active galactic nucleus

ALMA — Atacama Large Millimeter Array

Astro-F — Japanese Infrared Imaging Surveyor

Con-X — Constellation X

ESA — European Space Agency

FIR/SMM - the far-infrared and submillimeter wavelength range from ~25 — 800 um
IRAS — Infrared Astronomical Satellite

ISO — Infrared Space Observatory

JWST — James Webb Space Telescope, formerly NGST

LISA - Laser Interferometer Space Antenna

MIDEX — NASA’s Medium-class Explorer program

NEP — Noise Equivalent Power

NGSS - Next Generation Sky Survey, a MIDEX mission

NGST — Next Generation Space Telescope, now called JWST
SAFIR - Single Aperture Far-Infrared Telescope

SEU — NASA'’s Structure and Evolution of the Universe theme

SIM — Space Interferometry Mission

SIRTF — Space Infrared Telescope Facility

SOFIA - Stratospheric Observatory for Infrared Astronomy

SPECS — Submillimeter Probe of the Evolution of Cosmic Structure
SPICA — Space Infrared Telescope for Cosmology and Astrophysics, formerly HII/L2
SPIRIT — Space Infrared Interferometric Telescope

SWAS — Submillimeter Wave Astronomy Satellite

TPF — Terrestrial Planet Finder

TRL — technology readiness level

Appendix B. Charting the Winds that Change the Universe, II. The Single Aperture Far
Infrared Observatory (SAFIR)

This document can be found on pages 157-166 of these proceedings.

Appendix C. Probing the Invisible Universe: The Case for Far-IR/Submillimeter
Interferometry

This document can be found on pages 167-177 of these proceedings.
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Astronomy & Physics Division O«

NASA Space Sciences
Strategic Planning

Philippe Crane
ORIGINS THEME SCIENTIST

NASA / HQ

NASA Strategic Planning @éé

 NASA Strategic Planning, Roadmaps,
GPRA, and all that.
* Schedule, People, Origins/SEU
 Issues:
— Decadal report priorities

— Breadth of the Research
— Content
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NASA ADVISORY STRUCTURE O«

NASA Advisory Council
Advisory Committees:
Intenational || Aero-Space || Earth System Space Minority Life&
: Science : Microgravity || Technology and
Space Technology Science and Business Sci P lizati
Station Applications Resource clences DA
(SScAG Applications
Subcommittees:
| I [ |
Sun-Earth Astronomical SUIDET Solar System
Connections Search for Origins Evﬂlr"ti'\?e"rso; the Exploration
. I L .

The Strategic Planning Process @éé

National Academy
Fundamental Science Questions

Roadmap Teams

Community Strategic Planning

President’s Budget
Congressional Actions

[ SSAC & Subcmtes |

External Community Assessment
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Purpose Oy

 Fulfill the strategic planning requirements.

« Provide a guide to the science community
in presenting research requests to NASA.

« Inform and inspire.

* Focus investments in technology and
research for future missions.

 Provide the scientific and technical
justification for augmentation requests.

Relevant Time Scales Oy

 GPRA is an annual event, so the Roadmaps
feed this exercise through the Enterprise
Strategic Plan.

 Strategic Planning occurs on a 3 year cycle
where the near term outlook is for 5 years.

* Roadmapping also is on a 3 year cycle, but
looks out 10 years and 20 years.
— For Origins, the next 5-8 years 1s well defined.

— For SEU, funding beyond GLAST for LISA,
and Con-X 1s uncertain.
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Start Finish 2001 2002
Date Date Jul  Aug Sept Oct Nov Dec Jan | Feb Mar Apr May Jun Jul  Aug Sept Oct  Nov Dec

Kickoff Telecon to set workplan 8/15/01 |
Identify/recruit committee members 8/15/01 = 12/1/01 b
Prepare Guidelines & Distribute 8/15/01 | 11/10/01

Prepare Plan for OS Meeting 8/28/01 11/19/01 ﬁ
Prepare synthesize/issues 11/20/01 = 12/1/01 4

Roadmap Committee Workshop 2/5/02 2/6/02 \v2

Activity Name

Roadmap Committee

Write/Submit 1st Draft 12/10/01 | 3/2/02 ﬂ
Prepare synthesis for OS Review 3/3/02 | 3/16/02

Review 1st draft material 3/10/02 | 3/11/02 ©
Hear selections from NRA 2/11/02 | 2/11/02 L4
Write 2nd Draft 3/25/02 | 6/7/02
Prep for OS/SEUS Meeting 6/10/02 | 6/14/02
Briefing on NRA Concept Studies | 6/10/02 = 6/11/02
Write Final Draft 6/24/02 | 8/16/02
Prep for OS/SEUS Meeting 8/19/02 | 8/30/02
Final Publication 9/15/02 = 11/1/02
Roadmap Update Content Delivered 9/15/02
Code S Strategic Planning 11/15/02
Workshop
OS/SEUS Meetings
OS/SEUS Meeting 12/3/01 [é
OS/SEUS Meeting 3/19/02 | 3/24/02 @
OS/SEUS Meeting 6/18/02 @
OS/SEUS Meeting 02102 | 9/7/02 @]

Mission/Technology concept studies 1/7/02 | 7/15/02
TPF Architecture Downselect to two 4/1/02

Jul  Aug Sept Oct Nov Dec Jan | Feb Mar Apr May Jun Jul Aug Sept Oct  Nov Dec

Some Related Activities Oy

e March: 2nd Workshop on New Concepts in IR
Submm Astronomy--Univ of Maryland

» April: Hubble Legacy Workshop--Chicago

» April: Astro-biology Conference--Ames

» May: Laboratory Astrophysics Workshop--Ames

* May: Astrophysics of Life--STScl

* May: Brown Dwarfs--Kona

* May: Origins 2002--Grand Tetons

 June: International Virtual Observatory--Munich

« June: Research in Extra-solar planets--Washington



SECOND WORKSHOP ON NEW CONCEPTS FOR FAR-INFRARED AND SUBMILLIMETER SPACE ASTRONOMY

ASTRONOMY & PHYSICS DIVISION @%

ROADMAPPING ACTIVITIES

*ORIGINS Roadmapping basically an update and
redirection of the 2000 Roadmap

*Led by the Origins Subcommittee.

*Community input through individuals selected for
expertise and from meetings like this.

*SEU is preparing both a Roadmap, and a new initiative
*Group of 12 people led by Sterl Phinney.

*Aimed at generating a new 1nitiative for LISA,
Con-X, and several selected smaller missions.

*Community Input from White Papers and meetings.

ORIGINS Roadmap Organization @éé

1 Co-Chairs 4 Research & Analysis
Phil Crane (HQ) Hashima Hasan (HQ) — Lead
Alan Dressler (Carnegie)

5 Astrobiology
2 Science Leads Carl Pilcher (HQ) — Lead
Alan Dressler (Carnegie) — Lead
Lou Allamandola (ARC) 6 Missions
Adam Burrows (U of A) Mike Devirian (JPL) — Lead
3 Technology/Instruments 7 Outreach

Rich Capps (JPL) — Lead Carl Pilcher (HQ) — Lead
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SEU Roadmap Team Oy

Roadmap team:
Sterl Phinney* (Chair)

Sean Carroll Sarah Church Roy Gould
Craig Hogan Steve Kahn Dan Lester*
Robert March Mike Shull Simon Swordy*
Nick White*

Rocky Kolb* (SEUS Chair)

Paul Hertz (SEU Theme Scientist)
Paul DeMinco (SEU Program Integration Manager)
ROADMAPPING Cont'd O

* ORIGINS Roadmap will be very similar to
the 2000 version

— Origins has a funded program.
« HST, SIRTF, SIM, NGST, SOFIA, KEPLER, TPF.
« New mission content in the next several years from
Explorer, Discovery, or possibly from a new
competed mission line.
— Future strategic missions must define their
science goals and technology needs.
* Large filled aperture IR mission
» UV/Optical mission in the 2020 time frame
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Structure and Evolution of the Universe @%

2003 Roadmap

The SEU Roadmap Team solicited community input in the form of white

papers describing mission concepts

Category 1 - Missions

3a.

Advanced Compton Telescope (ACT)

Constellation-X

Cosmic Microwave Background Polarization Experiment (CMBPOL)

Cosmic Microwave Background Polarization Experiment (CMBPOL) Addendum
Energetic X-ray Imaging Survey Telescope (EXIST)

Fresnel Microarcsecond Gamma Ray Imager

Generation-X

Gravitational Echoes Across Time Mission (GREAT)

High-resolution Spectroscopic Imaging Mission (HSI)

International Advanced Radio Interferometry between Space and Earth (iARISE)
Laser Interferometer Space Antenna (LISA)

MicroArcsecond X-ray Imaging Mission (MAXIM)

Next Generation High-Energy Gamma-Ray Astrophysics Mission

Orbiting Wide-angle Light-collectors (OWL)

Probing the Invisible Universe: The Case for Far-IR/Submillimeter Interferometry
Single Aperture Far InfraRed Observatory (SAFIR)

Space UltraViolet/Optical Observatory (SUVO)

The Stellar Imager (SI)

A Facility Far-Infrared Spectrometer for SOFIA

Supernoval/Acceleration Probe (SNAP)

Tests of Relativistic Gravity via Solar System Laser Ranging
Ultra-High-Throughput X-ray Telescope Observatory (UXT)

Category 2 - Non-Mission Activities

"Amicus Brief"

Balloon Program

Bridging the Gap From New Instruments and Data to New Science and Understanding
The DART System for Far-IR/Submillimeter Space Missions

Theory of Rotation in Big Bang Universe
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Roadmap Issues Oy

» Decadal Report Priorities and Requests
— Specific Missions & Priorities

— Competed Missions-- Call for medium size
mission like Discovery

— Other Issues-- Theory, NVO, Lab-Astro

 Origins/SEU Priorities

— Astronomy & Physics Div. needs a funded SEU
line for LISA, Con-X and for medium size
competed missions

— How to accommodate new content in the next
several years

Roadmap Guidelines Oy

Reviews and Recommendations that guide the Roadmap
priorities:

* NAS Committee on Gravitational Physics (1999)

» OSS/SEU 2000 Roadmap

* NAS Physics Survey Overview Committee (2001)

* NAS Astronomy and Astrophysics Survey Committee (2001)
* NAS Committee on Physics of the Universe (2002)

10
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Community Perspective on NASA Strategic Planning

Dan Lester
Department of Astronomy and
McDonald Observatory C1400
University of Texas, Austin TX 78712

The process that leads from a mission concept to flight hardware in space has
many dimensions, involving the astronomical community, the Administration,
the Congress, and even the private sector. The development of coherent space
science policy and the strategic planning needed to follow through with it is a
crucial factor in the success of such endeavors. In this contribution, I will try to
outline some of these efforts as they apply to space infrared and submillimeter
missions, report on status as it relates to our discipline, and share some thoughts
about where we need to go.

1.0 Building NASA Space Science Policy — Some Background

To many in our community, especially the younger ones among us with fewer bullet
holes in them, the development of space science missions is a matter of community
zeitgeist. When the community really feels that the time is ripe for a mission, strings are
pulled, and money just flows. In fact, the process is a little more involved than this, and
history shows that it requires a level of contribution from the research community that
extends well beyond straightforward science justification.

The infrared and submillimeter spectral regimes have been blessed, in the last decade,
with a hearty zeitgeist indeed. While I have taken the liberty of being wavelength specific
here, our work has clearly blossomed to involve astronomers of all photonic persuasions.
There is probably no other spectral regime that can claim the discovery potential of ours,
in which foreseeable technology improvements will provide us with many orders of
magnitude improvement over the tools that we now use. Some of the most compelling
major problems (galaxy seeding and formation, and the astronomy of life) in astrophysics
appear to have answers in this spectral regime. We have a Great Observatory that is about
to be launched, and a major airborne platform in the works that will drive technological
creativity for decades. The natural advantages of space platforms (potential for low
temperatures and concomitant low background) are superbly suited to extrapolation of
present efforts.

The most recent Decade Report by the Astronomy Survey Committee points the way
most persuasively. I want to emphasize that these reports are profoundly important tools
for space science marketing efforts, in that they are not only documents that stand for
community consensus, but make hard choices through real priority lists. The importance
of hard choices and conspicuous concessions in curiosity-driven science cannot be
overstated, and these documents, developed with inputs from a substantial fraction of the
community over nearly half a century have engendered a favorable reputation for our
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community on the Hill and in the Executive Branch. Shopping-list driven science might
work well for NIH, but it will not work well for us. It is important for us to stand behind
these documents as we move ahead.

While the Decade Report lays out a clear path to scientific excellence over the next ten
years, the community must look further ahead, in order to lay the scientific and
technological groundwork for missions whose readiness and success potential cannot be
easily evaluated. For space science, NASA tackles this job as part of the triennial, and
agency-wide strategic planning effort. The resulting plan for the Office of Space Science
(OSS) itself culminates more than a year of effort by the Space Science Advisory
Committee (SScAC), and the individual roadmapping efforts of its associated
subcommittees. At this writing, subcommittees of scientists representing the two
scientific “themes” in the Astronomy and Physics division of OSS have begun
deliberations on a new twenty five year roadmap for these themes — “Astronomical
Search for Origins”, and “Structure and Evolution of the Universe” (SEU). These
roadmaps will be digested by the SScAC later this year, and contribute to an integrated
resulting 2003 OSS Strategic Plan. While such long range planning in a document with a
few year lifetime might appear misguided, especially in view of the annual cycle of
budget proposals for the agency and outyear projections in these proposals that apply
only to the next five years, this activity forces a continual reevaluation of major scientific
goals and technical thrusts. At any given time, the agency can refer to a single clear
(though arguably unique) path leading to future success.

While there is no formal linkage between the Decade Report and the OSS Strategic
Plan, it has always been clear that these documents have to talk to one another, and
underscore a consistent picture. The OSS Strategic Plan takes off from the Decade Report
in that the former is a specific touchstone in agency budget proposal preparations, and is
therefore perhaps more aware of NASA-specific management and technology readiness
issues than the latter. Because of its pedigree and breadth of community involvement, the
latter has been termed a blueprint for decision makers in the Congress and the Executive
Branch. It is the match between these that drives policy. The relationship of these
documents has some similarity to that between congressional authorization and
appropriation bills.

The OSS “theme” structure replaced the former Astrophysics Division almost a decade
ago as an organizational construct. It helped wean space science planning efforts from the
wavelength-specific cliques under which they were born. These themes encouraged the
development of roadmaps that were science-driven, rather than technology- or
wavelength-specific. Again, these themes garnered significant respect in the
Administration and on the Hill, and were powerful marketing tools for broad mission
lines. The theme structure was not, however, a particularly powerful management tool, as
the lines of budget authority were functionally distinct from those guiding the
construction of the strategic plans.
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2.0 The Challenge of Marketing Space Science and the Articulation of Value

While at one time popularly derided by the science community, the marketing aspects
of space science are increasingly important. These include not just popular outreach, but
focused lobbying or advocacy to the leaders of our nation for whom what we do is very
much on the far horizon of their perspective.

While it is widely agreed that astrophysics is one of the more intellectually compelling
pursuits of modern science, our community has not been particularly successful in
articulating the value of this curiosity-driven work to the nation in general, and to the
Congress in particular. This sentiment has been explicitly stated by not only the new
NASA Administrator Mr. O’Keefe, but also by Dr. Marburger, the new Presidential
Science Advisor and OSTP Director. The policy milieu in which we now work matured
under the federal role for basic science crafted by Vannevar Bush at the end of World
War II. As federal funding for basic science requires larger and larger dollar amounts,
this paradigm of curiosity for the sake of curiosity is seen as being less defensible,
especially surrounded by the ashes of the cold war.

As Dr. Marburger put rather delicately to the American Astronomical Society, “the
technology that makes [our] quest so exciting today has created unprecedented
opportunities for nearly every other field of science”. About a month later, in his address
to the AAAS, Dr. Marburger was more pointed — “Today the frontiers of the large and
the small — of astronomy and particle physics remain unconquered. But they have
receded so far from the world of human action that the details of their phenomena are no
longer very relevant to practical affairs.” He went on to say that “for the most part, the
great accelerators and observatories have been well built and well managed ... but the
greatest opportunities of science today are not to be found at these remote frontiers.”

While Dr. Marburger is a leading scientist, and as passionate a devotee of basic science
as we are, he is serving notice from the Administration that our message is not getting
out. The Value (and I like to capitalize this word to emphasize the dollar-value trade
space that we’re working in) of what we do is not being effectively articulated to the
folks who pay for it. A recent Brookings Institution survey of economists and political
scientists found that “promoting space exploration” was one of the least important
priorities for the federal government in the future. While one might argue that such
professionals are simply not smart enough to get the picture, I would just point out that
these are the folks who build federal policy, and often go on to public office to carry it
out. Their problem is very much our problem.

These sentiments, in which the rationale for basic science is being reshaped as a
performance-driven, results-oriented task, first appeared in the GPRA efforts of the last
decade, from the last Administration, and are now becoming formally adopted by this
Administration. Note that Mr. O’Keefe is one of the authors of the President’s
Management Agenda, a document which came out of his tenure at OMB, and every
indication is that he will run NASA by these rules. In fact, as principal witness in the
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annual NASA posture hearing before the House Science Committee this month, the
importance of this document to his outlook for NASA were among the first words that
came out of his mouth. In this document, you will find the following directives — “The
Administration expects that these investment criteria will better focus the government
research programs on performance ... Basic research programs will better target
improving the quality and relevance of their research.” You’ll also find the following
words that hit close to home — “The federal government will spend approximately $90
billion in 2001 on R&D, an investment representing 14 percent of all discretionary
spending. The ultimate goals of this research need to be clear. For instance, the objective
of NASA’s space science program is to ‘chart our destiny in the solar system’, and the
goal of the US Geological Survey is to ‘provide science for a changing world’. Vague
goals lead to perpetual programs achieving poor results.”

In the aftermath of September 11, one might be pressed to try to validate space science
missions in the context of homeland security. Such a direct connection is, of course,
ludicrous. But to those who would point at the premiere marketing successes of
astronomy and space science — the scientific engagement of the public, and sparking
wonder and curiosity in a nation — I would say that the case must be made that such
accomplishments do have national Value, and the economic details just need to be laid
out. Is it important that we are a nation that tries to do hard things? Is it a national priority
for us to be explorers and learn to think like ones? Is it important to be curious about the
world in which we live? I’'m comfortable saying that homeland security is dependent on
citizens having these skills and this kind of perspective. So would Vannevar Bush, whose
first recommendation in his 1945 report was that “Science, by itself, provides no
panacea for individual, social, and economic ills. It can be effective in the national
welfare only as a member of a team, whether the conditions be peace or war. But without
scientific progress no amount of achievement in other directions can insure our health,
prosperity, and security as a nation in the modern world.”

A scientifically literate body of taxpayers is, of course, one of the most powerful
ingredients in a successful marketing thrust, and our nation has yet to come to grips with
the educational deficiencies that leave us without one. NSF and NASA have, using
astronomy in public and educational outreach, made great strides in contributing to K-12
science education. But of course the issue is much deeper than education about
astronomy per se. It’s about building a citizenry that is curious about the world around
them, and for whom basic research has Value in satisfying that curiosity. It is a humbling
thought that as our roadmaps reach out at least a generation into the future, the kids of
this generation are going to be the taxpayers who we will ask to pay for the missions that
are actually in our roadmaps! The role of educational outreach in a NASA strategic
planning context is intimately connected with the likelihood of our success for specific
vision missions like SPECS!

Over the last decade the role of EPO in roadmapping efforts has seen some remarkable,
and gratifying changes. It used to be that EPO was grudgingly acknowledged by policy-
developing members of our community. The EPO section of the roadmaps and strategic
plan was, somewhat to the relief of the scientists who wanted to keep it at arms length,
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simply tacked inelegantly onto an otherwise well integrated document. This has changed
dramatically. EPO is now not only integrated into the effort, but with strong support by
the scientists involved who have come to recognize the importance of this to our future,
and understand that such words make for a more approachable document to the leaders
who need to appreciate it.

3.0 Far IR and Submillimeter in Current NASA Roadmapping Efforts

Within the Astronomy and Physics (A&P) Division in OSS, the SEU and Origins
themes have been working hard to develop the roadmaps that will feed the 2003 version
of the strategic plan. In the case of Origins, the result will be to build on a successful
mission line (NGST, SIM, TPF) that has been formally adopted as an agency
commitment, and which has been approved as such by the Congress for out year funding.
The science-focused mission-line approach to funding, rather than a scientifically disjoint
mission-by-mission approach to funding (e.g. the Great Observatory series of missions,
which included HST, CGRO, Chandra, and SIRTF) has major advantages to OSS and
the community in level-budget management programmatics and opportunities for long
range technology development as well as a higher profile in the public and
Congressional eye. Such mission lines have also been established in the other two OSS
themes — the “Living with a Star” initiative in the Sun-Earth Connection theme, and the
Mars initiative in the Solar System Exploration theme. The SEU is the only OSS theme
that has yet to develop a similarly successful mission-line initiative, and this is a major
goal of the current SEU roadmap team.

In the context of these roadmapping efforts, new far infrared and submillimeter mission
concepts have, however, found themselves awkwardly planted. While these missions,
which include the filled aperture space observatory concepts SAFIR and FAIR as well as
the space interferometers SPIRIT and SPECS, have fundamental roles to play in what is
considered to be Origins science (which has been defined by that theme as the origin of
planets, stars and galaxies in our universe), the present Origins mission line will not be
completed until, at best, the middle of the next decade. While these missions also have
fundamental roles to play in what is considered to be SEU science (which includes the
cycles of matter in the universe, and the structure of the universe up to the formation of
galaxies out of cosmic structure), recent efforts to develop a mission line in that theme
(e.g. the “Cosmic Journeys “draft initiative from the last roadmap cycle) have been more
oriented toward fundamental physics and the earliest history of the universe (z>10),
where these infrared missions are less relevant than CMB, high energy, and gravity wave
telescopes. There is no evidence that this orientation will change soon. While the SEU
theme has historically taken responsibility for several of what we would consider our
missions such as COBE, SWAS, and the US part of Herschel and Planck, it has not taken
on full thematic responsibility for any large infrared mission.

While the early efforts by the roadmapping teams are only just now being vetted by the
SScAC subcommittees that they report to, it is clear that far infrared and submillimeter
space missions of the future will have a challenge in finding a near term place in the
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queue. That at least a single aperture far infrared observatory concept was considered by
the Decade panel to be deserving of a new start toward the end of the decade cannot be
assumed to have established for it this place in the queue. The position of these missions
in the theme roadmaps will be an important input to management decisions about
technology investments, whether through focused programs or more broadly aimed R&A
programs. Some of the current focused programs will address many of our needs. For
example, development of large apertures in space is part of the NGST effort, and the
foundations of space interferometry will be built by SIM. Should our vision needs include
formation flying, experience from ST3 will be invaluable. But aside from some obvious
opportunities on SOFIA, and near term efforts on FIRST/Planck, far infrared— and
submillimeter— specific investments will require a clear path towards future missions for
which we don’t yet have an agency commitment.

4.0 Looking Ahead

What does the future hold for space science policy planning and community input?
Several changes loom large. First of all, in response to an FY02 summary budget
document from this Administration expressing concerns about optimal management of
ground- and space-based observatory investments, the NSF and NASA asked the NRC to
do a prompt and broadly based assessment of the organizational effectiveness of the
whole federally-funded astronomy and astrophysics enterprise. The committee that was
formed to do this by the NRC, in a unanimous set of recommendations, strongly rejected
any effort to consolidate astronomy and astrophysics under a single agency, a
recommendation that has important ramifications for submillimeter astronomy. Of similar
importance to submillimeter efforts is their recommendation that an OSTP board be
constituted to annually review an integrated astronomy and astrophysics strategic plan for
at least these two agencies. This Interagency Astronomy and Astrophysics Planning
Board (IAAPB) is now being formed and, when activated, will provide short range
planning that the Decade Reports cannot. We can be sure that space infrared and
submillimeter efforts will as a result, in the eyes of the Executive Branch and Congress,
more clearly complement the ground based research that parallels it.

Of some special significance to the SEU community is the imminent release of the final
report from the NRC Committee on the Physics of the Universe. The CPU was formed
from the physics and astronomy communities at the request of former NASA
Administrator Goldin to examine the roles that NASA should play in scientific research
at the intersection of physics and astronomy. This report will, much like the Decade
Report, identify scientific problems that deserve NASA resources, and spell out a
prioritized suite of missions that would constitute the best attack on them. This report
will, by its charter, focus on basic physics in the universe such as dark energy and black
holes. By the breadth of membership of the CPU and the NRC’s imprint on the
document, it will represent community consensus with great authority.

Another potential change on the horizon is the NASA strategic planning picture itself.
While the theme structure in OSS has been highly successful in breaking down
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wavelength barriers in the pursuit of major scientific goals, the separation of astronomy
and astrophysics into two themes (OSS and SEU) may have outlived its usefulness,
especially as we see more examples of individual mission concepts that would contribute
profoundly to both our understanding of the origin of the chemicals of and sites for life
and the evolution of the universe. Such missions, of which our SAFIR and SPECS are
among the awkwardly positioned examples noted above, are lately considered to have
“fallen into the crack™ between perceived Origins and SEU theme boundaries, to their
programmatic disadvantage. I believe that a good management structure will see through
this, and understand the overlap to be a major scientific, programmatic, and marketing
advantage. Our community must convey the understanding that these missions should get
strength, not weakness, from the breadth of science that they cover.

Several changes in the Astronomy and Physics program are being discussed by Origins
and SEU that could lead to entirely new opportunities. Both themes recognize the
importance of “cycles of matter “ science to their thematic goals, and design of an
entirely separate mission-line initiative may be called for. While this would clearly
require a major source of new funds, which is not an easy option, the maturation of the
field and the relative health of the OSS enterprise may make this timely. A fiscally
similar but structurally distinct route might be to create a competed mission line that
would provide for non-flagship Astronomy and Physics missions at a $300-$500M level.
Such a mission line would be modeled on the successful Explorer and Discovery
programs, except that the scientific focus would be predetermined, and specified in the
RFP.

The future of far infrared and submillimeter space astronomy is, though by no means
clearly roadmapped, blessed with a rich and powerful set of mission concepts. It is the
responsibility of the community to articulate these blessings to the public and national
leaders as well as to the rest of the science community. That the SAFIR mission has been
given a priority nod from the Decade Committee for a new start at the end toward the
decade is an important and enthusiastic endorsement that the community must build
upon. The excellent words in the panel reports on far infrared interferometry can be
considered similarly powerful as a policy vector pointing towards SPECS. Our scientific
and technical cases for these missions should be debated, refined, and heard ... loudly.
This workshop and the words that come out of it will help lead the way.

I would like to thank Paul Hertz, Alan Bunner, and current and former co-members of
the SEUS for recent opportunities to learn, and come to terms with some of these ideas.
Work on the Steering Committee of the AAU Space Science Working Group has offered
additional incentives for these perspectives. I would like to give special thanks to Harley
Thronson who, over the last dozen years or so, has certainly heard and encouraged, if not
contributed to, the evolution of these thoughts.
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NASA Office of Space Science
Office of the Technology Director

Enabling Telescopes of the Future:
Long-Range Technology Investing

Dr. Harley Thronson
OSS Technology Director

Snapshot of OSS: April, 2002

The Office of Space Science at NASA Headquarters has a current staff
of about 60 professionals (aka, scientists, engineers, budget analysts)
and an annual budget of $2.5 B out of NASA's $15.0 B.

About 35 missions or programs in various stages of development or
operation are managed by OSS, notable among them are Hubble Space
Telescope, Mars Global Surveyor, Mars 2001 Odyssey, Chandra X-ray
Observatory, TRACE (solar observatory), Cassini (mission to Saturn),
Galileo (mission at Jupiter), and Next Generation Space Telescope.

OSS has an annual technology budget of several hundred million dollars.

So, what is it that we are doing?
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@ Office of Space Science
Selected Current/Near-Future Technology Priorities

In-Space Propulsion:
initiated by Decade Planning Team (FY02)

Nuclear Power and Propulsion:
initiated by Decade Planning Team (FY03)

Advanced Materials/Smart Materials:
proposed by NASA Exploration Team as future initiative

Large Telescope Systems:
proposed by A&P Division for future initiative

<& NASA CHARTER

* To advance and communicate scientific knowledge and
understanding of the Earth, the solar system, and the universe,
and
* To advance human exploration, use, and development of
| | § space, and
B ¢ To research, develop, verify, and transfer, advanced
aeronautics and space technologies.

New agency “vision” to be presented on 14 April.

Space Science Biological and Human Exploration  Aerospace
N Enterprise Physical Research and Development Technology
Enterprise of Space Enterprise = Enterprise

19



20

SECOND WORKSHOP ON NEW CONCEPTS FOR FAR-INFRARED AND SUBMILLIMETER SPACE ASTRONOMY

@ TECHNOLOGY PRINCIPLES

® Technology priorities are determined by science program
requirements,

® Manage the fechnology program effectively, with milestones,
deliverables . . .

* Implement space demonsirations of selected technologies:
- precursors and demos

| * Use technologies in multiple missions and as “stepping stones”

"% * Promote parierships with other Enterprises, agencies, industry,
st and academia

® Use open competition and external peer review wherever possible

5

NASA LONG-RANGE TECHOLOGY
PLANNING PROCESS (ca. 2002)

=

Science/Mission priorities determined within
Divisions via Strategic Planning processes,
plus Administrators new “vision”

2. [Mission concepts derived from #1]

3. Technology priorities derived from #2

4. [Evaluation of “gaps”, priorities, . . . within OSS
and OAT.]

5. New initiatives or re-programming, as appropriate
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@ NASA FUTURE TECHOLOGY
| and MISSION PLANNING

What are the primary challenges to future new missions/new
technologies?

* Priorities for the science program
» Determining the major science goals for OSS via the Strategic
Plan

B8 - Priorities among the mission options
> The priority missions to achieve these goals

Developing mission concepts
» Sufficient information to identify long-term technology
priorities

‘ k » Priorities for the technology investments
» Given limited funding, which are the “must haves”?

» Technology funding as “bank account” 7

NASA FUTURE TECHOLOGY
and MISSION PLANNING

What are the primary challenges to future new missions/new
technologies? [continued]

» Technology maturation
> Sustained investment, coordination with other Enterprises

» Technology infusion into missions
» OSS missions favor established technologies

* Flight demonstrations
» Insufficient opportunities for flight demonstration

- Significant technologies outside OSS . .. and NASA
» OSS projects subject to vagaries external to OSS
management

» Mission software consistently a mission’s “Achilles Heel”
» Unmanaged largest technology element
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A FEW DO’S AND DON’TS IN
GETTNG FUTURE MISSIONS

DO at least get your science goals, if not your mission concept, into the
OSS Strategic Plan (and associated roadmaps)

DO play close attention to the priority goals of OSS: make sure that your
mission demonstrates clear relevance to these goals.

DO get your key technologies as priorities into the Division technology

§98 r0admap and Strategic Plan,

DO follow and offer input on technology funding, management, etc, but . ..

DON’T advocate the wrong (or lower-priority) technologies.

For example, detectors are obvious and trivial.
What about materials, optical systems, precision structures . ..?

& DON’T forget the systems studies: launch systems, operations, orbits,

costs

Example Technology Recommendations

« Current capabilities appear to be inadequate for
autonomously-deploying precision structures in space
significantly larger than NGST

* No capabilities are planned to recover, service,
upgrade science facilities beyond LEO

10 - 30% of satellites suffer life-limiting failures

- Enabling technology investments include precision
lightweight structures and large lightweight optics,
plus innovative (and poorly-studied) orbits

« Enhancing technology investments include detector
and communication systems

10
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Science Questions for the Post-
SIRTF and Herschel Era

Presented at the 2" Workshop on New Concepts for
Far-IR/Submillimeter Space Astronomy

Michael Werner, SIRTF Project Scientist
Jet Propulsion Laboratory

March 7, 2002

[http://sirtf.caltech.edu/]

An Outline of the Talk

« SIRTF

* Polarimetry

 Confusion

« Extragalactic Science

» Galactic Science
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SIRTF: Status Summary

* Optical/thermal/cryogenic performance of now-completed CTA appear
excellent

* Performance of instruments within CTA is excellent: consistent with
that needed on-orbit

+ Spacecraft hardware completed; software supporting S/C testing

* We are proceeding with revised plan: Launch on January 9, 2003

* Next major milestone is integration of CTA and Spacecraft, set for this
month

* First call for GO Proposals — November, 2002.
— Consult sirtf.caltech.edu for updates to plan and details of submission process

CTA Arrives at Lockheed
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LONG WAVELENGTH SURVEYS
PLANNED FOR SIRTF*

TYPE AREA 5-5 LIMITING FLUX, mJy
DEG?)
24um 70um 160um
WIDE*(GTO) 9 0.6 3.6 33
DEEP* (GTO) 2 0.15 1 30
REAL DEEPT | 0.02 0.06 0.7
(GTO)
FIRST LOOK?® 5 1.1 3.8 33
(SSC)
SWIRES =70 ~0.45 =2.75 ~(17.5)
(LEGACY)

* NOAO Deep Field

T HDF-N, Groth strip, CXO-S, SSA —13, Lockman Hole, XMM Deep
T Groth strip

§ North Ecliptic Pole

*See Werner, Reach, Rieke paper in Manchester IAU Background Symposium. Note that
due to confusion we may fall a factor of ~3 short of reaching the deep survey limits

Galaxy Discovery Rates
for Future Missions (Blain et al)

B e e e s e IR As m e
SIRTF /70
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SCUB4A,/850
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SIRTF Fills the Gap.SIRTF survey limits compared
with data from ground-based near ir and SCUBA surveys.
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- Arp 220 at z=1 |
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e + SMM J02399 z=2.B o
é - O SMM JOO2E6 :'.“;:‘j ; » ]
= 7]
= i i
=
L - -
(] \
P - : \\\ .
= ol Planned SIRTF v
= ¢ Survey Limits
5 - o5, o
- . SIRTF 4
Spectroscopy Limits
_4 - i $ —
1 | \yl 1 1 1 | | | 1 1 | | | 1 1 1 | | 1 1 1
0 1 Z 3 4
Log[Wavelength (microns)]
Impact of SIRTF’s Improved
Resolution at 160um:
Resolving the Background H_Dole. MIPS

Simulations of a 34' x 34' sky at 160 pum
ZOOM on a 6.7 ' x 6.7 ' square

Extragalactic Sources: ~ 600.000 sources between 1 uJy and 2 Jy (Dole H. et al astro-ph/0002283)
Foreground: Galactic Cirrus N, ~10%° cm-?

IRAS resolution ISOPHOT resolution MIPS resolution

These are noiseless simulations indicative of ultimate gain to be achieved in long integrations.
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SIRTF Follow on

»  SIRTF will provide major advances in areas such as number counts, resolving
the background, the IR-Xray-AGN connection, and leave a legacy of 1000’s of
far infrared-selected galaxies at redshifts z. SIRTF will complement its long
wavelength observations with very sensitive 3-8um surveys sensitive to
redshifted starlight, so that the relationship between the distant universe as seen
in the near ir and the far ir can be probed.

»  Spectroscopic follow-on will be very important and will be carried out from SIRTF
on the brighter sources, but higher sensitivity and spectroscopy beyond the
SIRTF limit of ~40um will be needed.

» Extrapolating from nearby examples, we estimate the following line fluxes (units
are 1e-18 w/m+2) for the faintest SIRTF detections

Z=1 Z=3
F(OIV, 26um) 1 0.2
F(CII, 158um) 5 0.9

» These fluxes are not bright compared to Herschel limits, particularly
if redshift is not known, but within range of larger telescopes, WaFIRS, etc.

- Spectroscopic follow-on of SIRTF discoveries should be an important
objective of upcoming submillimeter missions

Submillimeter Polarimetry —
The State of Play

* Magnetic fields are like Ross Perot’s crazy aunt in the basement: everyone
knows she’s there, but nobody talks about her.

* Polarimetry is the best means of probing them, and the phenomena to be
studied in the far-infrared and sub-millimeter may be particularly affected by
magnetic effects

» Hildebrand et al (and others) have shown that the far-ir/'submm emission from
dust in bright galactic sources shows strong and coherent polarization (up to
~10%)! — and can be used to study:

— Field strength and orientation

— Effects of field on gas dynamics/turbulence/cloud evolution/etc.
— Grain properties

— Alignment mechanisms/cloud properties

+ Extending this work by including Zeeman and linewidth measurements from
molecular lines may allow field strength and three-dimensional field orientation
to be teased out (Houde et al)

— With sufficient spatial resolution, this could be a very powerful probe of
cloud collapse, star formation, jet formation, efc.
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Magnetic Vectors Across the Orion
Molecular Cloud Core (Dowell et al)
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Variation of Polarization
With Wavelength (Hildebrand et al)
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Submillimeter Polarimetry —
Looking Ahead

— Work to date has been compromised by warm telescopes, atmospheric
effects, and — in the far-infrared — limited spatial resolution

» A polarimeter is a must for SOFIA, but it could probe only the local Universe

— In addition to major contributions to studies of star formation, solar system
evolution and jet formation, these capabilities could provide surprises
» For example, if the polarization characteristics of edge-on spirals vary with
redshift, we might be witnessing evolution of cosmic magnetic fields and/or grain
properties

— Understanding the polarization of the galactic foreground seems a necessary
precursor to polarimetry of the cosmic microwave background

» Fractional effects — relative to cosmological signal - could be larger than for
imaging studies carried out to date

» Jackson, Werner, and Gautier have produced catalog of high latitude cirrus
filaments which might be starting point for foreground polarization studies

— A robust program of polarimetry should be a component of future far-
ir/'sub-mm programs

» Options beyond SOFIA include both a dedicated polarimetric explorer and serious
polarimetric instrumentation on any large free-flyers, or perhaps a combined
photometric/polarimetric survey

Confusion

* A small cryogenic telescope like SIRTF reaches its confusion limit for
photometric observations rather quickly:

— ~10s of s at 160um, ~100s of s at 70um for 1-sigma photon noise to equal
1-sigma confusion noise

+ Time to reach confusion limit and confusion limit as a function of beam
size should be borne in mind in designing next generation of
instruments and in defining cooling strategies.

* Modelling by Blaln et al suggests that flux at confusion limit drops more
quickly than D for telescopes larger than Herschel and SIRTF in
far-ir and sub-millimeter.

* This suggests that there are gains in photometric speed to be achieved
with cooling larger apertures
— High priority should be given with SIRTF and Herschel to whatever can
be done to determine confusion and extrapolate it into the >~10m
aperture ranges

— Important to understand use of spectroscopy to break distance degeneracy
and further combat confusion

— Observing strategies which go deep into confusion should be evaluated
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Confusion at 500 um
(1o, Blain et al)
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The diagonal line has a slope of —2. The fact that slope of the predicted confusion

limit vs. beamsize is steeper suggests that for beam sizes smaller than ~10” confusion

it will take increasingly longer [with the same instrumental+sky background] to reach the
confusion limit than it will with Herschel. A colder telescope would be well-justified if these
predictions are true. They should be studied by SIRTF and Herschel to the greatest
extent possible.

Confusion at 160 um
(10, Blain et al)

Log [Limiting Flux]
(mJy)

2.0 1.5 1.0 0.5 0.0
Log [Beam Size]
(arcsec)

The diagonal line has a slope of —2. The fact that slope of the predicted confusion

limit vs. beamsize is steeper suggests that for beam sizes smaller than ~10” confusion

it will take increasingly longer [with the same instrumental+sky background] to reach the
confusion limit than it will with SIRTF. Thus a ~10-m class cold telescope will be considerably
less plagued by confusion than SIRTF, if these predictions are true. They should be studied
by SIRTF and Herschel to the greatest extent possible.
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Do Massive Black Holes and
Galaxy Bulges form Together?

« Correlation of central black hole mass with stellar bulge magnitude and
velocity dispersion suggests they may

— Assuming they do, and that the bulge is formed in a burst of star formation,
this links nuclear and gravitational energy release — the two main forms of
energy generation in the Universe

— Results from Kormendy et al suggest E(starburst)/E(AGN) ~ 5

» Comparing far-ir/submillimeter and x-ray emission is one way of probing
this
— Page et al claim to have seen the process in action via SCUBA detections of 4
of 8 ROSAT sources in range 1<z<3

— By contrast, Severgnini et al claim that submillimeter and x-ray background
come from different populations

» Exploring this connection is a prime near-term goal for far-ir/sub-mm
astronomy
— Exploration out to Z~3 — region of maximum AGN activity — may do
— Spectral diagnostics of starbursts and AGN contained within the band
— Comparisons of SIRTF/Herschel/SCUBA/Chandra/XMM will be a good start

Blackhole Mass — Bulge
Mass/Velocity Correlation (Kormendy et al)
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Infrared Spectral

Diagnostics URS Team)
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The 2.5 to 45 micron spectrum of the Circinus galaxy

The richness of the mid-infrared spectrum is such that infrared spectral observations alone may
be able to assess the relative importance of starburst and AGN activity in distant objects.

Can We See the First Generations
of Stars and Metal Formation?

» The far-infrared and submillimeter is a place to look for the earliest
action as objects condense in the Universe....but who knows
where or when?

» Options include:

— Redshifted H2 lines from collapsing objects
— Starlight reprocessed by first generation of dust

» Serious theoretical work has begun on this intriguing question:

Spergel

Ciardi and Ferrara

Abel et al

* The emission may be within reach of next generation
instrumentation
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WaFIRS Sensitivity to
Redshifted Hz Lines
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Molecular hydrogen line emission driven by the first generation of star formation,
calculated according to the model of Ciardi and Ferrara (2000). Line emission is
detectable o